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AGENVA

2vid ARO-AS-RPI WSI0P ON COMPOSITE MATERIALS AMP STRUCTURES FOR ROTORCRAFT

Room 4050 CIU

Septembu 14tk

8:15-8:10 AM VELCOE - R. Judd Pi.eeldoAI (Rensselaer Polytechnic Institute)

8:20-1:40 AN KEYNOE APPRESS: Thm& L. Houe, Technical Director, U.S. Army
Aviation Systems Command and Technical Director, American Helicopter
Society, "Composite Structures for Rotorcraft- Meeting the Military
Application Challenge"

SESSION I: CHAIRMAN - CM4istba K. Gwu*eA (Boeing Het)optzu)
Rotor Technology

8:45-9:15 AM *"Rotor Blade Root End Design: To Wind or Drill?", A. S.tevenon,
Westland Helicopters Ltd., Yeovil, Somerset, United Kingdom.

9:15-9:45 AM *"Structural Strength and Stiffness Analysis of Composite Rotor
Components for Best Material Efficiency", A. Ba'th, Messerschmitt-
Bolkow Blohm, GmbH, Munich, West Germany.

9:45-10:15 AN "Stress Analysis of Composite Rotor Blades", U. BoAA4 and G.
Gk4iAinqghe, Politecnico di Milano, Milano, Italy.

10:15-1030 AN B R E A K (CII Lounge)

SESSION II: C &AIIM - Pha A. LAnct (Va Ahett6 I1uti oj Technotogy)
Composite Structural Design

10030-11:0 AU *"Composite Challenges on the V-22", M. K. Stevenon, Bell Helicopter,
Fort Worth, Texas.

11400-11030 AM "Analysis and Design of Curved Composite Beams", 0. A. uzchau and
A. W1. Peck, Rensselaer Polytechnic Institute, Troy, New York.

ll:3$-12:0D PU "Dynamic Characteristics of Thin-Walled Composite Beams", L. 01.
Rei~ie University of Cp f irnia-Davis, Davis, California,
A. R. W14" dnd V. H. Ho .q Georgia Institute of Technology,
Atlanta, Georgia.

1f:00-ls30 FN "Evaluation of Composite Components on the Bell 206L and Sikorsky
5-76 Helicopters", V. J. Baike, NASA-Langley, Hampton, Virginia.

12s30-1:5s PM L U N C H (basselaer Union, He 241-243)

Is1S-I45 PM LUSCO ADO SS: Jpk Gofdkb , Program Manager, Sikorsky
Alrcraft-UrC, "Composite Developments in Rotor Systems"

(CONTINUED on PAGE 2]
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AGENDA (Continued) Page 2

Sept embe 14tk

SESSION III: CHAIRMAN - RobeAt V. AMda (U.S. M u AV.SCOU)
Tailored Laminates

2:00-f:30 PM "The Reduction of Hygrothermal Effects on Tension-Torsion Coupling
in Composite Rotor Blades", S. C. HiU, Rensselaer Polytechnic
Institute, Troy, New York.

2:30-3:00 PM "Importance of Elastic Tailoring in Design Analysis of Thin-Walled
Composite Beams", A. R. At)gaRT, L. W. Rehjietd(J, and
P. H. Hodgu(JI, (seorgia Institute of Technology, Atlanta, GA,
()JUniversity of California-Davis, Davis, California.

3400-3:30 PM "Toward Understanding the Tailoring Mechanisms for Thin-Walled
Composite Tubular Beams", L. W. Reh6ieLtd, University of California-
Davis, Davis, California and A. R. A t4tgan, Georgia Institute of
Technology, Atlanta, Georgia.

3:30-345 PM B R E A K (CII Lounge)

SESSION IV: CHAIRMAN - Saaj&ad S. Steu&tiu usae PoJtacelcJestitwt.)
Structural Integrity and Damage Mechanisms

3:454:15 P "Damage Resistance in Rotorcraft Structures", E. A. Mmaxio6 and
8. H. FoAtton, Georgia Institute of Technology, Atlanta, Georgia.

4s15-4:45 PU "Biaxial Fatigue of Epoxy Matrix Composites", E. k'empt, Rensselaer
Polytechnic Institute, Troy, New York.

4:45-5:15 PU "Structural Tailoring Techniques for Increased Delamination
Resistance of Laminated Composites, A. J. Vizzini and W/. R.
Pogue III, University of Maryland, College Park, Marylard.

5:15-5s45 PN "Generalized Structural Integrity Assurance: Application to
Rotorcraft", (Q. T. Matthe, U.S. Army Materials Technology
Laboratory, Watertown, Massachusetts.

60-946 FM C OC KTA I L S AN D BA N QU E T (Sage Dlning Hall)

7:45-1:15 PU ! SluAck~i JA P. Ftod, Deputy Director, Super Team LHX
Joint Program Office, Bell Hel icopter/M4cDonnel l-Douglas Helicopter
Co., "LHX- A New Composite Helicopter"

(CONTINUED on PAGE 3]
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Saxtaea 15th

SESSION V: CHAIRMAN - JejjAeq A. flinktay (NMS-LWJq&U)
Thermoplastics versus Thermosets

8:5-:45 AN "The Adhesion of Carbon Fibers to Thermoset and Thermoplastic
Polymers", W. V. Batom, University of Utah, Salt Lake, Utah.

8:45-9:15 AM "Compression Failure and Delamination in Thermoplastic Composites",
S. S. StexuAte, Rensselaer Polytechnic Institute, Troy, New York.

9:15-9:45 AM "Advanced Thermoplastic Composite Structures for Rotorcraft Appli-
cations", J. F. P'atte, E. I. DuPont De Nemours & Co., Wilmington,
Delaware.

9:45-10:15 AM "Thermoplastic Prepreg Product Forms", T. L. Gteene, BASF, Charlotte,
North Carolina.

10:5-10s45 AM "Advanced Thermoset Resin Systems", W. T. Mc¢aviU, Hercules, Inc.,
Magna, Utah.

10:45-11:0 AM 8 R E A K (CII Lounge)

SESSION VI: CHIARMN - Gmee J. SekuntideA (Sikauak AiAei a PivWon, UTC}
Intelligent Structures and Active Control

11:00-11:30 AM *"Embedded Actuation and Processing in Intelligent Materials",
E. F. CAawtey, K. 8. LazakuA, and V. J. Wa emi, Massachusetts
Institute of Technology, Cambridge, Massachusetts.

11:30-120: PM "Dynamically-Tunable Smart Composites Featuring Electro-Rheological
Fluids", M. V. Gandhi and B. S. Thompaon, Michigan State University,
East Lansing, Michigan.

12:00-12f30 PM *"Active Dynamic Tuning Utilizing SMA Composites", C. A. RogeAs,
Virginia Polytechnic Institute and State University, Blacksburg,
Virginia.

1f:30-1400 PM "A Review of Active Noise Control Strategies for Reduction of
Rotorcraft Interior Noise, J. V. JoneA, Purdue University, West
Lafayette, Indiana.

1:40-015 PM L U N C H (Fac/Staff Center Meeting Iom - Sage Dining Hall)

ADJOURN

*INVITED PAPERS



KEYNOTE ADDRESS

Thomas L. House
Technical Director

U.S. Army Aviation Systems Command
and

Technical Director
American Helicopter Society

"Composite Structures for Rotorcraft--

Meeting the Military Application Challenge"

UNAVAILABLE PRIOR TO PRESENTATION
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ROTOR TECHNOLOGY

Christian K. Gunther
Boeing Helicopter Co.

Chairman
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Stress Analysis of Composite Rotor Blades

Marco Borri Gianluca Ghiringhelli

Dipartimento di Ingegneria Aerospaziale

Politecnico di Milano - Milano - ITALY

Abstrat

The design of Composite Rotor Blades requires the analysis of tridimen-
sional stress states including interlaminar stresses.

Despite the powerfulness of modern computers, standard tridimensional
finite elements approximations of the entire rotor blade are not yet consid-
ered feasible, because of the high degree of accuracy required in the material
properties of the blade cross section. As a consequence, the problem is gen-
erally formulated in two different consecutive steps. The first step considers
the stress analysis of the blade cross section. This is modeled as a two
dimensional continuum, and the following analyses are performed:

* Eigensolution analysis of self equilibrated modes and of the diffusion

lenghts

* Particular solutions under prescribed stress resultants

The second step is mainly devoted to the dynamical behavior of the
entire blade. Here the blade is usually considered as a one dimensional con-
tinuum. Under this approximation, in general, the following computations
are performed;

* Trim solution under steady flight conditions

9 Linear stability analysis of Floquet's type

The subdivision of the problem into two steps is equivalent to the metod
of separation of variables first proposed by De S.Venant which, as it is well
known, is exact only for slender, straight and untwisted beams under applied
loads to the edgus, but it Is also applicable to curved, twisted and swept

r 8 l1



beams undergoing small strains. The present discussion focuses on the cross
section analysis. This is usefull even if the overall behavior of the beam is
geometrically non linear, as it happens in helicopter baldes.

In our formalism we take into account the effects of built in twist, cur-
vature and swept so that geometrical coupling of tension and torsic can be
also accounted for. Since in composite helicopter rotor blades the inplane
and out of plane warping can strongly influence the stress distribution, we
start from the two dimensional Finite Element idealization of the cross sec-
tion of the blade while an exact integration along the beam axis is performed.

The program developed can supply the following outputs:

" Mass and stiffness matrices with due consideration of all possible cou-
plings e.g. bending-torsion, torsion-tension, shear-tension, that can be
achieved with any kind of anisotropic materials.

" All the components of the stress and strain tensors under prescribed
forces and moments resultant In the usual beam sense, i.e. discarding
the boundary perturbations.

" Eingensolutions in terms of displacement and diffusion length.

As far as materials are concerned, the program can take into account every
kind of nonhmogeneity and anisotropy, and it may also be considered as an
advanced and easy-to-use tool for isotropic beam analysis. The effectiveness
of this approach mainly resides on the fact that discretization occours on
the cross section only. For instance, an idealization by 500-1000 degrees of
freedom of the section leads to a problem of small size; however it enables
the performance of a detailed analysis that three dimensional schemes would
make extremely expensive and practically unfeasible in the preliminary de-
sip phases. As a matter of fact, the program has already been employed
also as an analysis modulus in optimization processes for composite blade
sections.

Some experimental test performed on straight composite blade specimens
had shown a good correlation wiht the numerical results.

Comparison with three dimensional analysis in the case of twisted and
curved beams showed the formidable effectiveness of the present approach.

2
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Fig. 2. a) Fow p11" lambnte configuration; b) 3-D Stress components;
c) a z - coutent plan.
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SESSION II

COMPOSITE STRUCTURAL DESIGN

Paul A. Lagace
Massachusetts Institute of Technology

Chairman
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ANALYSIS AND
DESIGN OF CURVED
COMPOSITE BEAMS

ARO-AHS-RPI WORKSHOP ON
COMPOSITE MATERIALS AND

STRUCTURES FOR ROTORCRAFT
TROY,NY

September 14-15, 1989
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Design of Straight and Curved I-Beams

STRAIGHT I-BEAM

* The web carries the shear force (shear stresses)

* The flanges carry the bending moment (axial stresses)

CURVED I-BEAM

- The web must carry the shear force (shear stresses) AND resist
the crushing stresses

- The flanges must carry the bending moment (axial stresses) AND
the curling stresses
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Specimen Configuration

IN

AE

4C
RI = 8.0in

D =4.0 in
W = 2.0 in

0 =60.00 D

w, t

MATERIAL
Graphite prepreg tape (250 F cure)
Fiberite HY -E12481F



Numerical Investigation

Finite element model of the test specimen was performed using the ABAQUS
code

* 1500 grid points (-7000 DOF's)

* 350 8- noded shell elements



ANALYTICAL SOLUTION

General Differential Equation

D22W1i + Elltf =otf

- w y , W(x)
L tf

Non - Dimensional Form

wiv +4a4W=
Ck4= 3 Ell 1

D2 2  2(t

Strain Relationw
o= e - -2 = e0C (a,X)

where C(a,i) =c(a)ch(a)-
1

ch2()+C 2 () [ch() sh(a) + c ()s(a)] x [c (a) sh (a) - s(aZ) ch (a )

+ [ch 2 (a)-c2 (a)] x [s( ) sh ()
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0.0 ------------------------. -. ... ...

-1000.0
z

-. -2000.0- U N11, FEM

0 Nl1, ANALYTICAL
Z -3000.0

-4000.0

0.0 0.2 0.4 0.6 0.8 1.0

POSmON ALONG FLANGE WIDTH (IN)

M22 VS FLANGE POSITION
LOWER FLANGE, CASE 3 - [(0)9,(90)4,(0)91]--. A

lo+.1 GRIEP T300-S208 ,/ /

Ndil

00 - -- CUEVIED BEAM LOCAL COORDINATE AXE

ji U M22.FEM

-20.1 * M22. ANALYTICAL

.30.1-

0.0 0.2 0.4 0.6 0.8 1.0

POSTON ALONG FLANGE WIDTH (IN)
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NlI VS FLANGE POSITION
5000.0- UPPER FLANGE, CASE 3 - (0)9,(90)4,(0)9]

GR/EP T300-5208

4000.0-

3000.0-

j Nll, FEM
-" 2000.0- * Nil, ANALYTICAL
Y.

Z 1000.0

0.0

0.0 0.2 0.4 0.6 0.8 1.0 ,
POSITION ALONG FLANGE WIDTH (IN) N,,/

31

M22 VS FLANGE POSITION
UPPER FLANGE, CASE 3 .1101,19 14, 101 ] ,/

GR/EP T300-5208 I/

CURVUE lAM LOCAL COOtDAT11 A;

10.0
z , I 22F E M

U 
* M22, ANALYTICAL

' 0.0---- ---------------- - --

"1 0 .0 .0

0.0 0.2 0.4 0.6 0.8 1.0

POSMON ALONG FLANGE WIDTH (IN)



Nl1 VS FLANGE POSITION
LOWER FLANGE, CASE 4 - 190122

1000.0 GR/EP T300-5208

0.0 -----------------------------------

-1000.0-

SNlI, FEM

_ -2000.0 - Nl , ANALYTICAL

Z -3000.0

-4000.0
-5000.0,,, • ,,"J

0.0 0.2 0.4 0.6 0.8 1.0 1

POSITION ALONG FLANGE WIDTH (IN) /,,

,/

M22 VS FLANGE POSITION

20.0 LOWER FLANGE, CASE 4 - 190122 /, .n

GR/EP T300-5208

CUltVZD BlA LOCAL COODIf4ATZ A.

0.0 .....

z -20.0

* U M2ZFEM

-60.0

-80.0, ',,

0.0 0.2 0.4 0.6 0.8 1.0

POSITION ALONG FLANGE WIDTH (IN)



Nl 1 VS FLANGE POSITION
UPPER FLANGE, CASE 4 - [90122

5000.0 GR/EP T300-5208

4000.0

3000.0
z

U NIl, FEM
2000.0 * Nl, ANALYTICAL

z 1000.0,

0.0 --------------------------------

-1000.0 , , , . ,
0.0 0.2 0.4 0.6 0.8 1.0

POSITION ALONG FLANGE WIDTH (IN)

M22 VS FLANGE POSITION
UPPER FLANGE, CASE 4 [90J22

30.00- GRIEP T300-5208

Mil'

Ct Vi 8"M LOCAL COOIWmATI us

z 20.00-

U M22,FEM

0 M22, ANALYTICAL

4 10.00

0.00 ,---------. -

0.0 0.2 0.4 0.6 0.8 1.0

POSITION ALONG FLANGE WIDTH (IN)
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Conclusions

1- Good correlation was found between the predictions of a 3-D FEM model
of laminated composite I-beams with a strong curvature and a "Strength of
Material" analytical model.

* 2 - The stress distribution in the flanges is characterized by a single
parameter

a4= 3E' 1

- 22 (t) 2 ()2J

Material stiffness effects are

(a)4 E ELET]

S3 - The lay-up and stacking sequence of the flanges drastically affects overall

load carrying capability. Up to a factor of 5 was observed.

* 4 - A nearly "quasi-isotropic" lay-up seems to yield the highest strength.

* 5 - The question remains open as to whether the I configuration is desirable
in beams with strong curvature.
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DERIVATION BY PRINCIPLE OF VIRTUAL WORK

* CONSISTENCY

* SIMPLICITY OF Dc7JVATION

* GOVERNING KINETIC EQUATIONS

* NATURAL/GEOMETRIC BOUNDARY CONDITIONS



KINEMATICS

0 + +V
Yxy .z ,x()

TXo + W (2)

o o ~ o dz 2Ae o 3

u = U(x) +yB + z +A'(s) x 4

v = V(x) -z Wx (5)

w =W(x) +y() (6)

xZu



GENERALIZED FORCE RESULTANTS

(N, M y M) z JNx(I, z, y)ds

=~ d JN ~~ds

I = 2Aefd

c = Nxds



CONSTITU77VE RE:LATIONS

Nxx c0
xx
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N 0

xs I xs

N0

L xs 55



ELASTIC LAW
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VIBRATION BEHAVIOR

" EXTENSION - TWIST

" BENDING

CONSIDER LOWER MODES ONLY



EXTENSION-TWIST VIBRATION

C, 11U" + C14 €" + Mw2U =0

C4U" + -C 4 4 95" + Iw 2q = 0

MODELING APPROXIMATIONS

*Coupled modes
*Statically uncoupled modes (M or I neglected)
*Uncoupled modes (C14 neglected)



STATICALLY UNCOUPLED FREQUENCIES

ARE RELATED TO CLASSICALLY

UNCOUPLED FREQUENCIES

-)1/2

WIT =(wIT)CL (-
I /

wIE = (wIE)CL (1-0)I1/2



COUPLED FREQUENCIES

2 = 2 2 [(w2 )2 2 2112S1,2  =(WI T wIE) E IT - E + 40 wITW I

21-131)

N-
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LANGLEY MODEL ROTOR BLADE

EXTENSION-TWIST VIBRATION FREQUENCIES

COUPLED PODES

wI = 10.33 w2 = 33.81

STATICALLY UNCOUPLED MODES

t"IT = 10.96 wIE = 22.80

CLASSICALLY UNCOUPLED MODES

(wIT)CL = 15.34 (WIE)CL 31.92



BENDING VIBRATIONS

o IGNORE SHEAR DEFORMATION

EFFECTS IF L/d >> 1.

(SLENDER BEAMS)

o NODES ARE (ALMOST) UNCOUPLED

N



BENDING VIBRATIONS

C C55 :- C 55 (1-P)

ow = w BE 1/2

(wBE)1 = 5.89

w= 4;05



Schoeriatic Of the Langley mnodel crpsl. 
b



MATERIAL TEST DESIGN ANALYSIS
LIMIT

.8- IM6/R6376 Gr/E 0 0

T300/5208 Gr/E a U

.7 -
0

.6- 0
0

0 o

.5 o A
0 0-

Twist rate, o0
deg/in. 00

0
.3 -

0

.2

.1

0 1000 2000 3000 4000 5000 6000

Axial load. lbs.

Static test correlations for Langley model tube
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- - - -• -

Stiffnesses of the Langley model tube

rStiffnesses Calculated Values

-¢,, o6 0.8456 x 1o
C2 2,lb 0.1056 x 101
C3, b 0.1056 x 108

C 44,1b- in 0.2771 x 101
C 55,Ib- in2  0.5681 x 105
Ce6, lb - in" 0.5681 x lO
C14,lb- in 0.9735 x 10

C 2. 5,lb- in -0.4807 x 105
C 3 , lb - in 0.486T x 10



T300/5208 COMPOSITE CYUiNDER

722GIJD VVIN1S0.75

174 TOTAL DWWIC IE3M

The finite element model of the Langley tube
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Free-free vibration results for the Langley model tube

FEM I FEM 2 ANALYTICAL
MODE EXPERIMENTAL (SHELL) BEAM) MODEL

BENDING 319 337 337 341

TORSION 583 592 653 606



Clamped-free vibration results for the Langley model tube

Modes t Transfer Matrix Analytical Method
Coupled bending 58.73 58.88

Coupled extension-torsion 312.07 312.11

I
I



200 -

C" 100

LL.

0

0

I_

0* I * I * i " *

0 20 40 60 80 100

Orientation Angles, deg.

Alteration of the first mode bending frequency with the orientation

angle



VIBRATION SUI4ARY

o EXTENSION-TWIST MODES MUST BE
TREATED AS COUPLED.

BENDING MODES ARE UNCOUPLED

- SCALE BE RESULTS

- REDUCE STIFFNESSES FOR
MASS COUPLING
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FOR THIN-WALLED TUBES:

P

A

TWIST RATE

2 A

NOTE DEPENDENCE ON TENS ION-
TORSION COUPLING TERM (ale)
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"Importance of Elastic Tailoring in Design Analysis of
Thin.Walled Composite Beams"

Ali I. Atilgan
Georgia Institute of Technology, Atlanta, Georgia

Lawrence W. Rehfleld
University of California, Davis, California

and

Dewey H. Hodges
Georgia Institute of Technology, Atlanta, Georgia
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SIMPLE ANALYTICAL METHODS PROVIDE

* INSIGHT, INTUITION, OFEELO - THE ESSENCE OF GOOD

DESIGN

0 UNDERSTANDING OF BEHAVIOR IN TERMS OF BASIC

PRINCIPLES

- CAUSE/EFFECT RELATIONSHIPS

- INTRINSIC POTENTIAL/LIMITATIONS

* RELIABLE TREND INFORMATION

- EVALUATE COMPETITIVE CONCEPTS

- SELECT CONFIGURATION

0 RAPID, EFFICIENT, ECONOMICAL ANALYSIS TURNAROUND

FOR THE DESIGN ENVIRONMENT
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Plv orientation for circumferentia~ly asymmetrical stiffness



Plyv orientation for circumferentiaflv uniform stiffness



EXTENSION-TWIST COUPLING

CREATES BLADE PITCH

CHANGES WITH RPM4
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TAILORING PARAMETER

1C4 / C11 C44  1 K2 /K 11 K22

21c 5 /c22c 5 5 = i1

2

p =TAILORING PARAMETER



50 TEN PERceI r
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3-

2-

0 15 30 4

THETA

Alteration of the elastic tailoring parameter wvith the orientation

angle
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THETA

Alteration of the extension-twist flexibility with the orientation

angle
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Effect of 0* and angle plies on the extension-twist flexibility



TWIST ANGLE PREDICTIONS

* ADDITION OF TORSION-RELATED WARPING EFFECTS

Mx = CT O'x " C77 0'xxx

* REDUCED STIFFNESS (ELASTIC COUPLING)

CT/C44  0.51

CT L2

C 7 7



KEVLAR 29 / EPIKOTE 162

UNIDIRECTIONAL

o° 10

MA

Slender cantilever beam with rectangujar cross section subjected
ro end moment
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Twist angle predictions due to end torque with different material

systems.
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Alteration of the boundary layer parameter with the orientation
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Thin-walled open cross section beam model
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Schematic of a channel section subjected to comipressive loading
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Schematic of a serma-circular cross section subjected to compressive

loading
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Beam
Cross-Section
and Dimensions Material Properties Ply Layup
Specimen No.

L (Beam Length): 19 ini. Material: AS4-3502 GR/EP
bF (Flange Width): 1.25 In. E1 : 17.8 x 106 psi

Channel 1 bw (Web Width): 1.25 in. E2: 1.51 x 106 psi (t45/0/9o2 s

tw (Wall Thickness): 0.080 in. v12: 0.331 6

R (Corner Radius): 0.125 in. G12:.0.844 x 10 psi

L (Beam Length): 19 in. Material: AS4-3502 GR/EP

bF (Flange Width): 1.25 in. £: 18.3 x 106 psi
Channel 2 bw (Web Width): 1.25 in. E2: 1.51 x 106 psi [t45/;45/90/-P

tw (Wall Thickness): 0.080 in v12: 0.331 6

R (Corner Radius):'0.125 in. 612: 0.844 x 10 psi

L (Beam Length): 12 in.. Material: AS4-3502 GR/EP
bF (Flange Width): 0.75 in. El: 18.1 x 106 psi

Channel 3 bw (Web Width): 1.25 in. EZ: 1.51 x 106 psi [t45/0/90j2s
t. (Wall Thickness): 0.080 in. v12: 0.331

R (Corner-Radius): 0.125 in. G12: 0.844 x 106 psi

Beam cross section dimensions, material properties and ply layup

for buckling load comparison



Beam Cross Buckling Load, lbs.
Section and
Specimen No. Experiment Present Vlasov Analysis

Channel 1 7000 7943 9872

Channel 2 6830 8917 12540

Channel 3 9670 11565 15830

Comparison of buckling loads for clamped-free boundary condition



Channel-4 Properties

Material: AS4/3501-6

L (Beam Length) : 12in. E, = 20.2 10 6
bF (Flange Width) : 1.75in. E2  1.61 i06
bw (Web Width) : 1.75in. V'2 0.3
tw (Wall Thickness : 0.06in. G12 = 0.87 10

Buckling Load, lbs.

Layup Analysis Experiment Present

[±15/0] 2061 2144 2313

Comparison of buckling loads for simply supported bouindary

condition



Cross sections Buckling Load, lbs.
SD HybridSD*Error %

Channel - 1 7943 8365 5.3
Channel - 2 8917 9630 8.0
Channel - 3 11565 12048 4.2

Comparison of buckling loads



8000-

*Euler mode

E31Euler mode with SID
* Coupled mode

6000- U[3Coupled mode with SID

2 4000-

2000-

01
0 25 so 75 100

Percentage of T45 plies



2000

o Euler mode
1800

* Coupled mode
o Coupled mode with SD

1600 * Euler mode with SD

V0 1400
o2 e

5 0

C¢ 1200-

M 1000

800

600 , * . ,

0 20 40 60 80 100 120

Percentage of +45 plies

Critical buckling loads for a semi-circular cross section with differ-

ent ply orientations (S215245C G/E. = 30)
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GENERAL OBSERVATIONS

* TAILORING PARAMETER IDENTIFIED

* STIFFNESSES ARE REDUCED BY
ELASTIC COUPLING

- SIMPLE RULES

]



"Toward Understanding the Tailoring Mechanisms for
Thin.Walled Composite Tubular Beams"

Lawrence W. Rebfield

University of California, Davis, California

and

All R. Atilgan
Georgia Institute of Technology, Atlanta, Georgia



COMPOSITE ROTOR BLADE MODELING

OBJECTIVE

DEVELOP A THEORETICAL, MODEL SUITABLE FOR

REPR.ESENTING COMPOSITE ROTOR BLADE DESIGNS

* DYNAMIC AND OVERALL STRESS ANALYSE.:

* AEROELASTIC TALLORING



SIMPLE COMPOSITE BEAM MODELS

0 MANSFIELD AND SOBEY (1979)

0 MANSFIELD (1981)

• VALISETTY AND REHFIELD (1984)

0 BAUCHAU (1985)

* REHFIELD (1985)

0 REHFIELD AND ATILGAN (1987)

0 REHFIELD AND ATILGAN (1987)



THEORY FOR COMPOSITE SINGLE CELL BEAMS

* KINEMATICALLY BASED

* CONSISTENT

" SIMPLE TO DERIVE

* ARBITRARY WALL LAYUP AND ELASTIC COUPLING



KINEMATIS

.Y y =z + Vx (1)

0
*Y21 +B~W,, (2)

0 o~ odz 2Ae(3

u= U(x) + yo z z0 +4a(S) O*

v= V(X) -z Wx (5)

w z W(x) + y*(X) (6)

xZu



GENERALIZED FORCE RESULTANTS

(N, My, MZ) -Nxx ( z, y)ds

(Qy, Qz)  N s d

ds

Q fN* ds



FUNDAMENTAL ASSUJ4PT IONS

* ss NEGLECTED

* CROSS SECTIONS PRESERVED

( Nx T K1 K12i (c 2x X) T

L K12 K 22



ELASTIC LAW

N

yx

Qw o,x

25 INDEPENDENT 5TIFFNESSES



IMPROVED TWISTING KINEMATICS

* SHEAR CENTER OFFSET

* VARIABLE SHEAR STRAIN

a (s)

s = s22 K2 2(1P)

= (K12)2 / 11K22



GRiEF SPAR
E+20,-70,+20,-70,-70,+201 NACA 0012

2.60

5 FE
802

6

S03

2 801

0o1 20 30 40

RADIAL STATION. IN.



ARCHETYPE MECHANISMS FOR
ELASTIC TAILORINGI

* EXTENSION-SHEAR COUPLING IN CRYSTALS:

W. VOIGT, 1928

0 BENDING-TWIST COUPLING (CRYSTALS):

W.F. BROWN, JR., 1940

0 EXTENSION-SHEAR COUPLING IN WOOD AND

PLYWOOD; R.F.S. HEARMON, 1943

0 EXTENSION-TWIST COUPLING (PROPELLERS):

M.M. MUNK, 1949

0 TWO NEW COUPLING MECHANISMS (TUBES):

L.W. REHFIELD, 1985

L.W. REHFIELD, A.R. ATILGAN



Ply~~~ Oretto o icmeetal nfr tfns

Ply Orientation for Circumferentially Unifomti Stiffness



BENDING TRANSVERSE SHEAR COUPLING



SHEAR-BENDING COUPLING

%y9 x =S2 5 Qy + S5 5 M

BZ,X = S3 6 Qz + s 66 Mz

0y Yxz 'x

Pz = x;y -.Vvy



PRIMARY NONCLASSICAL EFFECTS

SD2 MODEL: W =- $5 5 M

S55 = (C55 - C25/C22 )-1

(S55 C55 )-  = 0.51

V,xx = (S2 5 - S36)Qz

* INCREASED DIRECT FLEXIBILITY

* OFF AXIS BENDING



GRAPHITE I EPOXY
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EXTENSION - TRANSVERSE SHEAR COUPLING



GRAPHITE I EPOXY
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5 TEN PECENT

4

15 30 45

THETA

Aluminum C-channel
tw3. 175=

Graphite/Epoxy Skin

f Honeycomb Core

,-9.601,

Cent er Torque w 54.50

_ _ .125

2?
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CONCLUSIONS

0 STRUCTURAL TECHNOLOGY BASE ADEQUATE

0 EFFECTIVE STIFFNESSES ARE REDUCED BY

ELASTIC COUPLING

* CONSEQUENCES ON SYSTEM PERFORMANCE MUST

BE ASSESSED

I

1
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i. SESSION IV

~STRUCTURAL INTEGRITY AND DAMAGE MECHANISMS

Sanford S. Sternstein
~Rensselaer Polytechnic Institute

~Chairman
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Biaxial Fatigue and Deformation
Behavior of Gr/E Composites

Erhard Krempl

Department of Mechanical Engineering,
Aeronautical Engineering & Mechanics

Rensselaer Polytechnic Institute
Troy, N. Y. 12180-3590



The Effect of Interlaminar Normal Stresses on the Uniaxial
Zero-to-Tension Fatigue Behavior of Graphite/Epoxy Tubes

Erhard Krempl and Deukman An*
Mechanics of Materials Laboratory

Rensselaer Polytechnic Institute, Troy, NY 12180-3590

During the past several years, the Mechanics of Materials Laboratory of RPI has
developed a method to obtain biaxial fatigue data under axial/torsion loading. A
thin-walled tubular specimen can be made from prepregs by a lay-up procedure and tested
in an MTS servohydraulic axial/torsion testing machine with computer control. We have
provided completely reversed load-controlled fatigue data on Gr/Epoxy materials under
uniaxial and combined loadings using [*45]s and [0/*45]s lay-ups [1-31. The edgeless
specimen eliminates suspected end effects and can be used for tests involving significant
compressive loading. Near unidirectional Gr/Epoxy and Kevlar/Epoxy specimens were
fatigue tested in uniaxial loading for negative R-ratios [3].

It was suspected that the thin-walled tubular specimen would not provide "true
material fatigue data" because of the presence of interlaminar tensile stresses introduced
by the curvature. They would promote early delamination of the plies. To check on this
hypothesis zero-to-tension fatigue tests were run on Gr/Epoxy [*45]s tubes with and
without pressurization. The pressure levels were chosen so as to compensate the suspected
interlaminar tensile stresses. Fatigue test results in the range from 104 to 106 cycles with
and without pressurization are within the same reasonable scatterband. It is concluded
that the interlaminar tensile stresses do not affect the fatigue performance.

Restraint of lateral motion by inserting a tightly fitting metal mandrel into the bore
of the tube had a significant beneficial effect on the static and the fatigue strength of the
tubes. This improvement could be used in practical applications.

REFERENCES

[1] Krempl, E. and Niu, T. M., Journal of Composite Materials, 16, 1982, pp. 172-187.

(2] Niu, T. M., "Biaxial Fatigue of Graphite/Epoxy [k45]. Tubes,"D. Eng. thesis,
Rensselaer Polytechnic Institute, May 1983.

[3] Krempl, E., Elzey, D. M., Hong, B. Z., Ayar, T. and Loewy, R. G., Journal of the
American Helicopter Society, 33, 1988, pp. 3-10.

*Now at Pusan National University, Pusan, Korea.
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Fatigue Test Specimens in Use

Strip (ASTM)

Thinwalled tubes

Cruciform (plane) Specimen



I

Test Specimens

Strip Tubular

tensile loading tension/compress.

edge effects no edge effects

axial loading axial,torsion, press.

off-axis shear only on/off-axis shear
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SPECIMEN ' e"i,,l

MATERIAL:

FIBERITE HY-E 1048 AlE PREPREG
T-300 UNION CARBIDE GR FIBER

f79°C: 20 MIN PREHEAT, HOLD 3SO;A
1121°C 150 MIN 0.69 MPA CURING
ISLOW COOLING TO ROOM TEMPERATURE -. P,-3h,

60% FIBER VOLUME 
M..

THIN-WALLED TUBES, OD 25.4 MM;
WALL THICKNESS 1,5 MM; LENGTH 190 MM

AOXIAL: MATRIX BEHAVIOR DOMINATES DEFORMATION

TORSION: FIBER BEHAVIOR DOMINANT

J. COMPOSITE MATERIALS v



SPECIMEN I FIXTURE

EXTENSOMETER
# DIAMETRAL, AXIAL
o BIAXIAL. AXIAL AND ANGULAR DISPLACEMENT

TESTING MACHINE

e MTS TENSION-TORSION SERVOHYDRAULIC
TEST SYSTEM

s MTS 463 CONTROL AND DATA INTERFACE,
TEKTRONIX 4025 TERMINAL
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I, SPECIMEN, EQUIPMENT

II. BIAXIAL FRACTURE SURFACE

III. BIAXIAL FATIGUE RESULTS

IV. DISCUSSION



T(M a ow~r fa'6ers

(M~a cov,,iDoresse4

i5 (MPa)

/ /

\ /

CM -9
2 29.1 / ' /\ 10.1'

2 5 3. 2.. 86.10

I

O-STRESSES AT FAILURE

Figure 22 Fracture locus of graphite/epoxy [!45] tubes. It can be
composed of two distinct surfaces.



STATIC TEST RESULTS .. 4SI 3
o ELASTIC MODULI IN TENSION, COMPRESSION
(± TORSION) ARE EQUAL

* INELASTIC, TIME-DEPENDENT DEFORMATION
BEYOND 25% OF AXIAL ULTIMATE AND

BEYOND 50% OF TORSIONAL ULTIMATE

s TENSILE AND COMPRESSIVE STRENGTH

EQUAL ± 150 MPA

o ULTIMATE TORSION STRENGTH DEPENDS

STRONGLY ON DIRECTION OF TWIST
+ 190 MPA (OUTER FIBERS COMPR.)

- 130 MPA (OUTER FIBERS TENS.)



71

WHY IS STATIC TORSION STRENGTH HIGHER WHEN

OUTSIDE FIBERS ARE COMPRESSED?

EFFECTIVE RIGIDITY IS HIGHER IN THIS CASE

THAN WHEN OUTER FIBERS ARE TENSED.

FAILURE MODE IS LOCAL (NOT EULER) BUCKLING.
DELAMINATION ENHANCED DURING NEGATIVE TWIST.

WORST CASE NEGATIVE TWIST AND COMPRESSION
( Q- 49").

PECULIAR SHAPE OF T- " DIAGRAM DUE TO

LOCAL BUCKLING.
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83

FATIGUE TEST CONDITIONS
FOR COMPOSITE TUBES

I Ijaj Iigu I

ii. Torsional
0j

2) in-phase -Biaxial Ftge(d

3- Out-of-phase Biaxial Fatigue (€# 0) " ( )

# \o* V" I L

Fi.ure 7 The fatigue test conditions and the imago of the loading paths
in a-t plano.



PARAMETERS

ROOM TEMPERATURE, AIR LOAD CONTROL, R - -1

IN PHASE

o = 49, 74", 1060, 131"

TAN 6w SHEAR ST.A. /AXIAL ST.Al

OUT OF PHASE

o = 49" ONLY
0- 90" AND 270"

FREQUENCY

1 Hz

0.1 Hz AND 0.01 Hz FOR AXIAL AND e = 49"

IN-PHASE TESTS

CYCLES-TO-FAILURE

MAJORITY < 105
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I

(03

4

c:10
(f'l i A-- IIL H

".-3 "..01HZ. 1,

z TORSION. *b
C= z a At0H

c" - BIAXIL ".-O-49.f"

,.-| . " -2".13N1

*-- . , 1H.,49.1.

~~... I .... I....... ........... .... J ...

101 101 103  104  1os  106

N (CYCLES)

Figure 76 Fatigue life based on biaxial equivalent stress, sinusoidal
loading, R Z1.
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T(Pa) e-kRCTURE LOCUS

+A - 4O4 CYCLES
X *- 103 CYCLES

N.\ - 102 CYCLESj

czI
LnI

a (MpI

*T1 C.

04

Figure 77 Iso-fatigue life curves of [I45Is graphite/epoxy tubes
based in the o-i plane at R=-1 and I Hz. The solid
contours with symbols represent the fatigue lives in the
presence of buckling; the concentric ellipses would
represent the fatigue lives without buckling. Static results
are also shown.



FATIGUE PERFORMANCE LIMITED BY LOCAL BUCKLING

TIME DEPENDENCE CAUSES A REDUCTION OF FATIGUE

LIFE
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EFFECTIVE RIGIDITY IS HIGHER IN THIS CASE

THAN WHEN OUTER FIPERS ARE TENSED.



Figure 74 Sketch of deformation of a (t451 tube under combined
compression and negative twist.~

WORST CASE NEGATIVE TWIS~T ANiD COMIPRESION

(6=49').
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FATIGUE TEST RESULTS

R = -1. LOAD CONTROL AXIAL LOADING

o FATIGUE STRENGTH IS LOW

9 THERE IS AN INFLUENCE OF FREQUENCY

s CHANGES IN HYSTERESIS LOOP SIGNIFICANT
TOWARDS END OF LIFE

# APPEARANCE OF FATIGUE FRACTURE NOT
DIFFERENT FROM STATIC FRACTURE
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I BANQUET SPEAKER

I
Jack D. Floyd

7Deputy Director
Super Team LHX Joint Program Office

Bell Helicopter/McDonnell-Douglas Helicopter Company

"LHX-- A New Composite Helicopter"
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SESSION V

ITHERMOPLASTICS VERSUS THERMOSETS
Jeffrey A. Hinkley

NASA- Langley
Chairman
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THE ADHESION OF CARBON FIBERS TO THERMOSET
AND THERMOPLASTIC POLYMERS

W. D. Bascom
K-J. Yon

Materials Science and Engineering Department
University of Utah, Salt Lake City 84112

R. M. Jensen
L. Cordner

Graphite Fibers Development
Hercules Aerospace, Magna Ut

PRESENTED AT THE

2ND ARO-AHS-RPI WORKSHOP ON COMPOSITE MATERIALS
AND STRUCTURES FOR ROTORCRAFT

I



THE SINGLE EMBEDDED FILRMENT TEST

L. 25m"

0 micro-specimens are pulled in tension until the filament is
fully fragmented and the length of the fragments (Ic) is then
measured

m the critical length is related to the interphase shear strength
by,

acd
Irc -

T- - Interphase shear
strength

(Yc - fiber strength
d - fiber diameter

I c - fiber critical length

howeuer the fiber strength has some statistical distribution lac
so that,

' - --. 7C
/



I

rearranging,

d 2Tc

If 7ac is essentially constant then k is an inverse measure ofd
the Interphase shear strength

EXPERIMENTAL TECHNIQUE

Epoxy specimens were made by placing the filament in a silicone
mold, encapsulating in the liquid resin and heat curing.

The thermoset specimens were prepared by placing a single
filament on a small plate of the polymer and then coating the
filament with the same polymer from a volatile solvent;

fiber

polymersupport/

polymer

film

I'



The specimens were placed In a tensile test fixture that fits on

the stage of a light microscope;

LVDT

I motor

II analog =

erecorder

test 
specimen

i frame



THE CRITICAL LENGTH DATA EXHIBIT R BRORD STATISTICAL
DISTRIBUTION

Typil d

i "i
ooa

Comine Ic data fr 1ne specimens

o .1

T~p9c% ccdtrmonfne simn nth en

I I

oo

.0.

ol

CobndI aa o0se ien

The atawereanayze by alclatng te nrma mea an th

99 ofdnelmiso h en

I - ,,m nan m ami=m



STRESS DISTRIBUTION AT FIBER BREAKS

linear elastic analysis

FIBER

SHEAR YIELDING

A

---------------- C

aaan

INTERFACIAL FAILURE



SI

The polymers used In this study were transparent and stress
birefringent and so the experiment reuealed Information about
the stress distribution at fiber breaks.

A
64,.

STRESS BIREFRINGENCE PATTERNS
R Strong adhesion B Weak adhesion

I



EFFECT OF SURFACE TREATMENT ON ADHESION

£,84 (.7313).

£5-4 (651.41)

Afl-4 (640-4L)

65 70 75

Cootd.e. lieit@ (9) o led AS4 we - &

EFFECT OF FIBER TYPE

700

660

0

I-,

580 00,
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ADHESION TO THERMOPLASTICS

R Study of the adhesion of three fiber types,

Hercules ASI
Hercules AS4

Hysol-Grafil HAS6

revealed a similar adhesion to eposy polymers but an
unexpected difference in adhesion to thermoplastics

* now Courtaulds 6rofll, 33-650

Critical Aspect Ratio for Carbon Fiber/Epoxy Systems

Carbon Fiber Epoxy Critical Critical Aspect Ratio, Ic/d
Lengths mean 99% confidence
(mm) on the mean

ASIa 828/mPDA 0.3 42 --------..

AS4 828/mPDA 0.38 55 53 - 57
AS4 828/D230 0.41 60 58 - 62

XAS 828/n-PDA 0.21 32 31 - 33

a Drzal. L. T.; Rich, M.J.; and Lloyd, P.F.; "Adhesion of Graphite Fibers to Epoxy
Matrices; I. The Role of Fiber Surface Treatment, "J. Adhesion. 16I (1983)



Critical Aspect Ratio for AS4 in Thermoplastic Polymers

Matrix Critical Critical Aspect Ratio, Ic/d
Lengths mean 99% confidence

limits nun

polycarbonate 0.74 108 101-115

polyphenylene oxide 0.83 121 115-125

polyetherimide 0.64 93 90-96

polysulfone 0.83 121 114- 128

PPO/PS (75/25)a 1.41 206 193-218

awt.%

Critical Aspect Ratio for ASI in Thermoplastics

Matrix Critical Critical Aspect Ratio, Ic/d
Lengths mean 99% confidence limits

mm

polycarbonate 0.95 119 114-124

polyethedimide 0.67 84 80 - 88



I
Critical Aspect Ratio for XAS in Thermoplastic Polymers

Matrix Critical Critical Aspect Ratio, Ic/d

Lengths mean 99% confidence limits
mm

polycarbonate 0.36 54 52-56

polyphenylene oxide 0.37 55 53 - 58

polysulfone 0.36 55 --

polyetherimide 0.36 55 52 - 57

PPO/PS (75/25)a 0.41 61 58-64

awt. %

In all of the thermoplastics, the HAS gaue a smaller Ic/d than the
AS4 or RSI.

This Indicates stronger adhesion of the HAS to these polymers
than for the AS fibers.

The birefringence patterns confirmed this difference

WHY ?

We tested the following possibilities;

wettability

adsorbed specie on the AS fibers

surface roughness

None of these proulded an explanation



SURFACE CHEMICAL ANALYSIS

XPS ANALYSIS REVEALED DIFFERENCES IN THE CHEMICAL
CONSTITUTION OF THE FIBERS.

XPS ANALYSIS

C 0 N
Atom Percent

- AS1 81.0 11.2 5.6
AS4 88.6 7.6 3.8
XAS 80.5 10.5 7.9

THE ONLY CORRELATION BETWEEN XPS RESULTS AND ADHESION WAS
WITH THE O/N RATIO

1.0.

0.9-

0.8-

- 0.7

. 0.6

0.5
y. -0.26734~0.5451M 40.97

0.4

0.3
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

O/N
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Howeuer, acid-base analysis of the fibers using inuerse phase
chromatography reuealed a difference In basic character not
euldent from the HPS analyses.

' SD = nonpolar surface energy

Isp = AGOsp/aN

Isp = specific interaction
A Gosp = free energy of
interaction
a = surface area of adsorbed
molecule
N = Avogadro's number

ACID -BASE ANALYSISC

probe molecule character Isp(mJ/m 2 )

AS4 XAS

CHCI3 acidic 21.9

CC14 acidic 12.8 11.6

CH 3COCH 3  amphoteric 149 87.2

THF basic 10 92.7

....... 7 SD (mJ/m 2)

n-alkanes nonpolar 40.0 39.3

c Determined by Prof. T. Ward, Virginia Tech



RETENTION TIME CHROMATOGRAPHY

DCE
reservior

injection deeco
port dtco

Statistical analysis of the data Indicated a clear distinction in
the absorptlulty of polyicarbonate on the different fibers:

RETENTION
TIME (min) 13.5

12.8

12.01
ASI AS4 XAS
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There was a good correlation between the retention time and
the critical length

y * -.353x * 5.533, R-squared: .976

0

ASI

0 AS4
4i .7,

.

.4.
XA-

12.8 13 13.2 13.4 13.6 13.8 14 14.2 14.4 14.6 14.8

RETENTION TIME (min)



PRELIMINARY EXPERIMENTS SUGGEST THAT PLASMA TREATMENT IN
AMMONIA IMPROVES THE ADHESION OF AS4 TO POLYCARBONATE

EFFECT OF PLASMA TREATMENT IN AIR
AS4/Polycarbonate

treatment time critical length, mm

min average SD

control 0.71 0.22

1 0.80 0.20

2 074 0.21

5 0.75 0.23

EFFECT TO PLASMA TREATMENT IN AMMONIA GAS
AS 4/Pol yc ar bonate

treatment time critical length, mm

min average SD

control 0.71 0.22

1 0.65 0.19

3 0.49 0.15

5 0.67 0.21
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THE EFFECT OF THE NH3 PLRSMA APPEARS TO BE NONUNIFORM

I
25 AS4/PC untreated
25S.

20-

15 0

10.

5

0.
.2 .4 .6 .8 1 1.2 1.4 1.6

Length (mm)

22.5

20. AS4/PC

NH3 plasma treatment
5min

15

.2 .4 .6 .8 1 1.2 1.4 1.6 1.8
length (mm)



CONCLUSIONS

* Both the HAS and the AS fibers exhibit strong adhesion to
the epoxy polgmers

* The MAS exhibits strong adhesion to the thermoplastics
whereas the RS4 and AS1 fibers exhibit weak adhesion to
the thermoplastics

e The differences in adhesion to the thermoplastics could
not be explained in terms of weak boundary layers, or
differences in wettabilitg or surface roughness

" The three fiber types differ in their surface chemistry
• from XPS analysis
s from acid-base characterization

" The only correlation found thus far between adhesion and
surface chemical properties Is with the XPS O/N ratio

e A correlation was found between the reuerse phase LC
retention time and the adhesion of polycarbonate.

* The difference In the adhesion of the three fibers to the
thermoplastics appears to be due to a subtle but get
unidentified difference in their surface chemical
composition

* Preliminary studies suggest that exposure of the AS4
fiber to NH3 plasma improues the adhesion to
polycarbonate

(7
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COMPRESSION FAILURE AND DELAMINATION IN
THERMOPLASTIC COMPOSITES

Prof. S. S. Sternstein
Rensselaer Polytechnic Institute

Troy, New York

Workshop on Composite Materials and
Structures for Rotocraft

Held at Rensselaer Polytechnic Institute
14-15 September, 1989
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IDEALIZED IN PLANE AND OUT OF PLANE

COMPRESSION FAILURE

IN PLANE 'MICROBUCKLING*

O F N I

II

OUT OF PLANE FAILURE
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I THE MICROBUCKLING ELEMENT
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TRANFORMATION TO EQUIVALENT
CROSS SECTION

E2  E1

-LI

I fl GEOIIETRIC CENTER OF
ORIGINAL SECTION

NEUTRAL .
AXIS OF
TRANSFORED
SECTION



I

I DEVELOPMENT OF AN L4TERNAL MOMENT
DUE TO NONUNIFORM STRUCTURE

II
M~p

z y tltx)uP*(OY(X))

p

Ix



OUT OF PLANE DEFORMATION
OF THE SURFACE PAIR

• E2 )E I

SURFACE

E2 EI

p



PERCENT STIFFNESS LOST vs PiPcr
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ORIGIN OF THE SHEAR LAS PROBLEM

STIFFNESS
4----- REDUCTION

ZONE

SHEAR LAG

VP I PROBLEM

END CONDITIONS DETERMINE THE
BOUNDARY CONDITIONS FOR THE
SHEAR LAG PROBLEM
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ONLY SHEARS IN 2 LAYERS
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CONCLUSIONS

(DESTINED TO BE CONTROVERSIAL)

COMPRESSION STRENGTH IS NOT A MATERIAL PROPERTY,
INSOFAR AS REAL ENGINEERING STRUCTURES ARE
CONCERNED.

MI,'ROSTRUCTURE WILL DETERMINE COMPRESSION
PERI URMANCE, BUT MUST BE CONSIDERED IN CONJUNCTION
WITH LOAD AND GEOMETRY GRADIENTS.

MATRIX VISCOELASTICITY WILL AFFECT COMPRESSION
PROOERTIES THROUGH SHEAR REDISTRIBUTION OF LOAD
CONCENTRATIONS.

PROCESS CONTROL FOR THE PREPEG AND LAMINATE MAY
BE MORE IMPORTANT FOR COMPRESSION PERFORMANCE
THAN FOR ANY OTHER ULTIMATE PROPERTY. 0

MICROSTRUCTURE UNIFORMITY REQUIREMENTS MUST BE
QUANTIFIED.
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ADVANCE THERMOPLASTIC
COMPOSITE STRUCTURES FOR
ROTORCRAFT APPLICATIONS

J. F. PRATTE
E. I. DU PONT DE NEMOURS & CO.

SEPTEMBER 15, 1989



* Rotorcraft Needs

* Thermoplastic Composites

- Features
- Du Pont's Material Systems
- PEKK Resin System
- Low Cost PEKK Composite Parts

* LDFTM Technology

- Overview
- General Thermoforming Process
- Structural Component Configurations
- Composite Performance

* Summary
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I Rotorcraft Structural/Operational Needs

• Damage Tolerance

• Lightweight

* Good Fatigue Life

• Good Vibration Characteristics

* Crashworthiness

* Low Cost (Acquisition & Life Cycle)



Thermoplastic Composite Features

* High Toughness

- Improved Damage Tolerance
Characteristics

* Lower Cost Composite Structures

- Less Labor Intensive Part Fabrication
- Parts Consolidation
- Unlimited Out Time
- Reprocessible (increased yields)
- No Cure (shorter cycle time)
- Simplified Repair (welding)
- Recyclable Scrap
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PEKK Matrix Features

• High Tensile Modulus (650 KSI)

* Suitable for composite use temperatures
up to 300IF

Flammability properties meet FAA
requirements with heat release less than
OSU 65/65

• Resistant to aircraft fluids

* Resin toughness adequate for good
composite damage tolerance

* Low water absorption

Melt viscosity compatible for thermo-
forming processes



I Low Cost PEKK Composite Parts
I
I

TI , Filament
Wind

Energy Absorbing Tube
TPitch Links

To Control Rods

II

II/Fabric Fairing

Roll Form

I-Beam
Continuous Fiber

Unitape

Stretch Form

LDF"A Fuselage
LDF" Consolidated Frame Stiffener

Sheet

Thermolorm

LDF'A Sine Wave Spar
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LDF rm Technology Goals

Exploit material's "metal-like"
drawability through processes such as:

- Match die press forming

- Rubber pad press forming

- Diaphragm forming

- Stretch forming

leading to weight efficient structures at
lower cost

* Composite performance equal to
continuous fiber reinforcement
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Key Performance Criteria

" Fiber length greater than 50 times
critical length

* Consistent fiber volume fraction and
thickness control

" Post formed fiber orientation meeting
design requirements

I
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LDF M SUMMARY/PATH FORWARD

• Lower cost structures versus thermosets

" Capability to thermoform a wider range of
complex shape parts than continuous
fiber materials

- Greater Design Freedom
- Parts Consolidation

" Static mechanical and damage tolerance
properties similar to continuous fiber
materials

* Dynamic measurements in progress

* Development programs are being
established to validate LDFr m technology
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INTELLIGENT STRUCTURES AND ACTIVE CONTROL

George Schneider
Sikorsky Aricraft Division, UTC

Chairman
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i Embedded Actuation and Processing
I in Intelligent Materials

Edward F. Crawley
I Kenneth B. Lazarus

David J. Warkentin

ISpace Engineering Research Center
Department of Aeronautics and Astronautics

I Massachusetts Institute of Technology

IAbstract

This presentation describes some of the work recently performed at
the Space Engineering Research Center in an area which has come to
be known as intelligent materials, i.e., materials integrated with
highly distributed actuators, sensors, and processing networks. In
this work, models are derived of the actuation of.: composite
structures by generic induced strain mechanisms, and the predicted
bending and twisting of plates thus achieved is compared to
experimental results using piezoceramics bonded to graphite/epoxy
laminates. Some fundamental criteria for the selection of an induced
strain actuator are discussed, followed by the presentation of a
manufacturing technique for embedding piezoceramic actuators
within the composite structures. Finally, similar work involving the
embedding of electronic device% (eventually to include
microprocessors) is presented.
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DYNAMICALLY-TUNABLE SMART COMPOSITES FEATURING ELECTRO-RIHEOLOGICAL FLUIDS

I MukMesh V. Gandhi and Brian S. Thompson
Intelligent Materials and Structures Laboratory

Composite Materials and Structures CenterIMichigan State University
East Lansing, MI 48824
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Photomicrograph of ER-FI'uid with 0 kV/m Field Strength
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ER Fluids SgUCOxul Materials
Fluid 1 Ahnum Alloys
Fluid 2 Caibon Steel
Fluid 3 Magnesum Allo

Glufflomy Materials
Hybrid Composite Mateials

ER-based Smart Structure
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Ability of Smart lU-based Beams to Dramatically Change
their Vibration Characteristics: Schematic of the Beam
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Ability of Smart ER-based Beans to Dramatically
Change their Vibration Characteristics:
Experimental Results
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Excitation f(t) , Strucures Fabricated from Response () ,
, SmarS Maenials

Monolihic Matrals and ER Fluids
Composite Materials and ER Fluids

Damp~ing ([f)] andI
Stiffness 15[v(t)J

Properties Dymial Tuned I
I

v(t) M rocesso" Applies Sit
-Vokages m -(

Dy=ialTw3M

Desired Response X(t)

Control Strategies For Smart Materials And
Structures
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B Marker X: 1 Hz Y: 30.349 dB
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Unique Capability of ER-based Smart Beams to Dramatically
Change Their Natural Frequencies and Damping
Characteristics in Real-time
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B Marker- X: 20 Hz Y: 28.318 dB
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Unique Capability of ER-based Smart Plates to
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A typical representation for a BKZ-type constitutive model for
describing the properties of field-dependent ER fluids is anticipated to
take the following qualitative form:

a,. (E(!.t)) - -!+ q f u 'o- UCt(ol }| -"

where o are the components of the stress censor for the E fluid, p is an
indetaminate scalar, q is a function, and U and C are defined as follows:

I -M L i-1.2
L ai

where U(E(xt)). is the electrical field-dependent strain energy potnetial
of the ER Ifuid. and I and I are the first and second invariants of the
right relative Cauchy-4reen dformation tensor
St(r, ) - Ft T(C')F t:€r)

where F are the components of the relative deformatic., gradient tensor.
Clearly the electrical field E(x.t) imposed upon the ER fluid would be a
function of the geometry of the'electrodes, their distribution in space and
the potential difference, and can be determined from the classical theory of
electro-agnetisa.I
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I solid ( elastic )

I[Ms]{05s) + [KS ](U5 ) - (Fs) - ( 4sJ( s) + (F')
II

I fluid ( Bingham plastic )

SIR (F )-[Qrj(? (E))..[M 1( V) +(FfPI [Rf ] Uf  - (0)

I
interface

(F S(F) + (F) f (0)
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An Abstract for the
Second International Workshop on

Composite Materials and Structures for Rotorcraft

A REVIEW OF ACTIVE NOISE CONTROL STRATEGIES
FOR REDUCTION OF ROTORCRAFI INTERIOR NOISE

J. D. Jones
Ray W. Herrick Laboratories

School of Mechanical Engineering
Purdue University

West Lafayette, IN 47907

Source mechanisms and transmission paths of rotorcraft interior noise are well defined.
Rank ordering of these sources has established the main rotor gearbox as the primary contributor
to the cabin noise levels. Gear-mesh vibrations generate a series of harmonic tones within the
cabin, the most significant of which is typically the fundamental mesh tone at approximately
700-800 Hz. Current passive noise control methods (e.g., the fuselage sidewall treatments) do
not adequately reduce cabin noise levels to provide passenger comfort, especially for extended
flights. Further sidewall treatments can add substantially to weight penalities and cost. Thus,
new lightweight noise control methods are needed to reduce rotorcraft interior noise.

Much recent work has focused on alternative methods for interior noise reduction inIaerospace vehicles (e.g., propeller-driven aircrafts, rotorcraft, and space station). Current efforts
in this area emphasize the use of active noise comtrol (ANC strategies in conjunction with pas-
sive methods for broadband noise reduction. Active noise control pertains to a family of tech-
niques which use a controller to "actively" create a secondary sound field out-of-phase with the
primary noise field so that superjodion of the two sound fuels results in an overall reduction in
the noise levels. Active noise control (ANC) is ideally suited to such applications due to its
complementary effectiveness with minimum weight penalities at potentially lower costs.

In the proposed paper, a review of two active noise control strategies for reduction of rotor-
craft interior noise is presented. First the conventional ANC strategy consists of implementing
an array of interior acoustic sources (e.g., audio speakers) as secondary controllers to reduce the
interior cabin levels. Second, a more recent ANC strategy involves applying secondary vibra-
tion actuators directly to the rotorcraft fuselage in the vicinity of the gearbox supports so as to
reduce the transmission of structureborne gear mesh vibrations into the cabin interior. The
second strategy is especially promising when the power flow into the structure is localized such
as with the rotorcraft gearbox vibrations. Advantages and disadvantages of these two active
noise control strategies will be discussed along with their potential for providing global reduc-
tion of rotorcraft interior cabin noise.I
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TABLE I
ACTIVE VIBRATION CONTROLI - -_ST CONFIGURATIONS

SOURCE SOUCE CONTROL ERROR MEASUREMENT TEST PARAMETERS
TEST SET TEST NO. FRE0UENCV LOCATION LOCATION SENSORS SENSORS EVAL.UATED

II 1 170 HE FORWARD FORWARD I MIC 7 MICE NUMBER OF ERROR
2 170 Hz FORWARD FORWARD 2 MaCS 7 .aICS SENSORS

I3 170 HE FORWARD FORWARD 4 MMC 7 MICE
U 4 1t5 ma FORWARD FORWARD 4 M=C 7 MICE SOURCE FREQUENCY

5 120 HE FORWARD FORWARD 4 MMC 7 MICS

IU S 170 Hz FORWARD FORWARD I ACCE9L 5 ACCELS ACCELEROMETER
7 170 Hz FORWARD FORWARD 1 ACCEL 7 MICE ERROR SENSOR

IV 1 170 Hz AFT AFT I MIC 7 MIC SOURCE LOCATION!I 170 Hz AFT AFT 4 MIC 7 M= NUMBER OF CONTROL
10 170 Hz AFT FORWARD 4 M=C 7 MICE HKR

AND AFT
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ACTIVE NOISE

CONTROL STRATEGIES I

ACOUSTIC CONTROL SOURCES (LOUDSPEAKERS)

" Acoustic Controllus can be used for either airborne or

structureborne noise.
" Acoustic controllers are simpler to implement. I
" Generally. a large array of acoustic controllers are needed

for global reduction over a reasonable spatial region.

VIBRATION CONTROL SOURCES (SHAKERS) I

" Vibration controllers can be used for structureborne noise only.

" Vibration controllers are more difficult to implement.

" Generally, a smaller array of vibration controllers are needed I
for global reduction.

* Vibration controllers are most effective when power flow into I
the structure is localized.

I
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"What Rotorcraft Composite Manufacturers Now Require
from the Research Comunity"

o The philosopher Ralph Waldo Emerson once wrote, "If a man can make a better
book, preach a better sermon, or make a better mousetrap than his neighbor,
though he builds his house in the woods, the world will make a beaten path to
his door". But Emerson was wrong! You must beat a path to the customer's door
to find out what he wants and needs. Stunning innovation and brilliantly
designed new products are only part of the answer. Fortunately Mr. Emerson
made his living as a philosopher - not as a company president.

o Up to now, led by the rotorcraft industry, Mr. Emerson's error was not
significant. However, today it has become significant and I'd like to discuss
the impact.

o First, why have rotorcraft designers led the way and what have they done?

Rotorcraft customers wanted long life (durability) and low weight in a very
demanding environment. Historically, wet layup composites found A/C application
including helo in the late 50's. The marginal nature of the material form for
both performance and processing severely limited use. Fibers and fiber volume
severely limited specific strengths and stiffness plus quality problems of wet
layup. Driven by these issues the materials industry started engineering these
materials: prepreg epoxies, kevlar, boron, graphite, uni tape. Glass thermoset
prepregs found simple applications in the '60s for fairings and non-critical
structure. Rotor blades provide the first major technical applications for
composites. Glass was the material that was created for rotor blades. Tough,
fatigue strain resistant, no corrosion, relatively easily drilled, adaptable to
shapes, low cost.

Other technology breakthroughs that composites achieved through rotor craft in
the '70s were the flexbeam and bearingless rotor notably the tail rotors of UTAS
and AAH Aircraft. The very high fatigue strain allowable and anisotropic
properties of these materials allowed them to be engineered for unique
capabilities. As with the rotor blades these structures provided superb
improvements in performance and reliability over the previous generation of
metal structures. With the level of success in the heart of the rotor craft
composite appeared to be a relatively easy transition into the airframe. Thus,
birth was given to a series of Government and contractor funded programs.
These, of course, culminated in the '80s with the ACAP aircraft and the Boeing
360. They looked and flew like any other aircraft, saved 20% plus weight, were
more survivable and were projected to cost 20% less as well. Unfortunately
engineers are less well accomplished at cost reduction than weight predictions
and in the light of five (5) years of hind sight the cost saving advantages may
not have been achieved; at least not with Thermoset Prepreg in Autoclave cure.



Epoxy prepregs were limited to about 300 F applications, are significantly
effected by moisture, suffer major degradations in strength from low velocity
impact, and have many characteristics that impeded automation and repeatable
processing. The realization is that composite materials require significant
additional engineering if their market applications were to continue to expand.
Other composite material forms and applications attacked these problems.

In summary, there have been three (3) distinct generations:

Generation 1: Original Non-Structural parts and rotor blades (VG 1 & 2)
Advantage: Weight Savings

Cost

Generation 2: Airframe Structural Parts (VG 3 through 9)
Advantage: Weight Savings

Generation 3: High Performance Parts (VG 10 through 13)
Advantage: Cost/Producibility

Weight Savings

We are in Generation 3 and applications are growing.

o Where are composites in the Rotorcraft Industry going?
They are becoming pervasive through the airframe
Airframe fittings are the next challenge. They require high rate/low

cost production of smaller, more complex components. (Re-show VG 11)

Two significant alternatives to classic prepreg processing are receiving broad
attention: Thermoplastic Forming and Liquid Resin Molding/Resin Transfer
Molding. The Thermoplastic advocates hope to produce low cost details for
assembly similar to sheet metal airframe manufacture. The goal of RTM is the
comolding of very complex assemblies from relatively low cost raw materials.

In summary, composites are proven for structural weight savings.

However, Composites are unproven for:
- Producibility/Quality
- Labor Cost

These problem stem from the MANTEC dilemma

o The MAYrEC DileMa
ACAP, CRF were MANTEC Programs (VG 14)
MANTEC was cancelled through lack of funding in 1986
This left Manufacturing Development to Industry

- Customers want products and product development is not
included in the research agenda. If the Government is
the customer, the MANTEC omission makes it difficult
to supply to them in the manner they would like.

- Manufacturing innovation is not encouraged and that is
a serious problem.



Examples of MANTEC areas now not attended and that are dictated by customer
needs

- Fitting type missile body parts (VG 15)
- Automated manufacturing processing (with its incumbent analysis)

Preforming
Cure Speed/Heat Up/Down Speed (Computational Fluid Dynamics)
Post Cure Processing and Automation

Cost Goals to be Attained by Dictate of the Customer
- LHX goal is $1 to $2/lb of Airframe Structure
- Missile Body Parts at 20 to 30 per day
- Transverse Shear Enhancements at no Expense

These challenges, again, are from the customer and the rotorcraft industry
is rising to the challenge.
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